A facile synthetic route to synthesize the nanocrystalline zirconia particles via preparing polyzirconoxane with zirconium tetraalkoxide is reported, and the luminescent properties of the so-obtained ZrO 2 :Ti nanophosphors are systematically investigated in this paper. The bluish-white photoluminescence and phosphorescence originating from the recombination of electrons trapped by anion vacancies and the holes created in the valence band, and the Ti 3+ ion substituting for Zr 4+ is assumed to be the luminescent center. The long afterglow from ZrO 2 :Ti is attributed to the oxygen vacancies caused by the addition of Ti 3+ ions into ZrO 2 host. Compared with the bulk ZrO 2 :Ti, the nanosized phosphors exhibit a longer persistent time because of the increased surface traps due to the large surface-to-volume ratio in the nanoparticles. This long persistent process can be elucidated by a simple possible mechanism. © 2008 The Electrochemical Society. ͓DOI: 10.1149/1.2971023͔ All rights reserved. Long-lasting phosphorescence ͑LLP͒ materials have attracted considerable attention for various displays and signing applications in dark environments.
Long-lasting phosphorescence ͑LLP͒ materials have attracted considerable attention for various displays and signing applications in dark environments. [1] [2] [3] The trapping mechanism plays an essential role in the persistence of these materials. Progress in developing these kinds of materials is rather slow; one of the reasons is that the nature of the trapping mechanisms is complicated and has not been totally understood yet. Since the long, persistent phosphorescence phenomena of Eu 2+ -doped alkaline earth aluminates were first reported in 1996 by Matsuzawa et al., 4 the oxide long-afterglow materials have attracted more and more attention and have been developed rapidly. To date, the most efficient long-afterglow materials are still based on alkali earth aluminates.
Zirconia has attracted a great deal of attention due to its combined electrical, chemical, optical, and mechanical characteristics. Zirconia has prominent properties such as chemical stability, high mechanical strength, high resistance to corrosion, heat resistance, electric insulation, and high refractive index, which make this material suitable for a wide variety of applications. 5, 6 A considerable amount of work has been reported on the mechanical and other physical properties of ZrO 2 , whereas only a little research work has been done on the luminescent properties of this material 7 and even less study for LLP characteristics. Recently, Akiyama et al. reported the mechano-luminescence from stress-activated ZrO 2 :Ti, 8 but the observed afterglow that persisted only for seconds is too short to be applied as an LLP material. In our previous work, we had prepared ZrO 2 :Ti phosphor using the solid-state method, and the afterglow persistent time was extended to longer than 1 h. 9 The density of traps plays an essential role in the persistence of phosphorescence materials. 10 Conventionally, traps can be created by charge defects or by incorporating with auxiliary activators into host. A number of LLP phosphors are of this type. 4, [11] [12] [13] To improve the number of traps, nanosized phosphor, which can form numerous surface traps due to the defects on its surface, has been of interest for its efficient phosphorescence enhancement.
14 In this paper, ZrO 2 :Ti nanocrystals 40 nm in size were obtained using polyzirconoxane ͑PZO͒ at 700°C. It was found that the persistent time was enhanced in comparison with the bulk ZrO 2 :Ti because of the increased surface traps due to the large surface-to-volume ratio. The related mechanism was discussed to elucidate the LLP process.
Experimental
Sample preparation.-The nanocrystalline ZrO 2 :Ti powders were prepared using tetrabutyl titanate ͑TBT͒ and PZO. The PZO was synthesized by reaction of zirconium oxychloride with ethyl acetoacetate in the presence of triethylamine. 15 The TBT solution ͑TBT was dissolved in methanol with a concentration of 0.1 mol % in relation to the Zr content͒ was stirred for 5 h at room temperature and then the PZO was added. The mixture was kept at 80°C until the solvent was completely removed. The prepared powders were packed into alumina crucibles and annealed at 700, 900, 1000, 1100, and 1250°C for 3 h in air, respectively.
Measurements.-The structural characterization was analyzed by X-ray diffraction ͑XRD, Rigaku D/max-IIB͒ spectra with the Cu K␣ line of 0.15405 Å. The morphology of products was observed by Hitachi-4800 scanning electron microscope ͑SEM͒.
The photoluminescence ͑PL͒ and PL excitation ͑PLE͒ spectra as well as phosphorescence decay curves were measured using a Hitachi F-4500 fluorescence spectrophotometer equipped with a monochromator ͑resolution: 0.2 nm͒ and 150 W Xe lamp as the excitation source. The phosphorescence was measured after irradiation by 280 nm UV light for 5 min. The luminescent lifetime was measured with a modulated light source and a computer-controlled digitizing oscilloscope.
The thermoluminescence ͑TL͒ spectra were measured by heating the irradiated sample from room temperature to 200°C using the FJ-427A TL meter ͑Beijing Nuclear Instrument Factory͒. Before measuring, the powder samples were radiated at 280 nm for 3 min, then the radiation source was removed and the heating rate was fixed at 2°C/s. All the measurements were carried out at room temperature except for the TL spectrum.
Results and Discussion
Morphology and microstructure of the product.-Typical XRD patterns of the synthesized ZrO 2 :Ti samples for five different annealing temperatures are presented in Fig. 1 . The patterns for samples annealed at 700 and 900°C show the peaks mainly related to monoclinic form, with weak signals from the residual tetragonal form. When the sintering temperature rises higher than 900°C, the tetragonal form is no longer detectable. Better crystallinity of the monoclinic form ZrO 2 is obtained at 1250°C as shown in the top curve.
It is well known that Raman scattering can provide important information on crystal structure. Figure 2 shows the Raman spectra of the synthesized nanocrystalline ZrO 2 powders heated at 900 and 1100°C, respectively. The 12 Raman scattering peaks, which belong to the monoclinic phase at 180, 192, 221, 307, 334, 348, 383, 476, 502, 559, 615, and 638 cm −1 , respectively, are observed in both samples. Two weaker peaks ͑147 and 265 cm −1 ͒ belonging to the tetragonal phase of ZrO 2 are observed in the 900°C sintered sample, which disappeared when sintered at 1100°C. Raman lines sharpen with increasing heat-treatment temperature, as expected for the growth of crystallinity. Our data are in agreement with Raman spectra reported previously for ZrO 2 .
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The SEM images of the ZrO 2 :Ti calcined at different sintered temperatures are depicted in Fig. 3 . The powder consists of wellcrystallized grain with a mean size of 40 nm when sintered at 700°C ͑Fig. 3a͒. The particle size increased with increasing temperatures and reached 100 nm at 1100°C ͑Fig. 3b͒. The crystals with uniform sizes are structurally perfect. High crystallinity can be obtained at a relatively low temperature ͑700°C͒; this is important for phosphor, because high crystallinity generally means less defect and stronger luminescence. 18 Photoluminescence properties.-The bluish-white light ͑chro-maticity coordinates x = 0.22 and y = 0.33͒ from the nanocrystalline ZrO 2 :Ti sample was detected under excitation of 280 nm UV light, and the afterglow emissions were also observed after removing the excitation. The PL, PLE, and afterglow-emission spectra of nanocrystalline ZrO 2 :Ti sintered at 1100°C are presented in Fig. 4 . The broad excitation bands centered at 280 nm are originated from electron transitions from the valence band to the localized midgap states, which are singly occupied anion vacancies. 19, 20 The emission spectra with the excitation at 280 nm show a broad band centered at 471 nm. 22 Two Ti 3+ ions substituting a Zr 4+ ion produce one oxygen vacancy for charge compensation, and these anion vacancies are effective and deep traps for electrons generated in the conduction band during excitation. A trapping center is formed between the Ti/Zr ion and an oxygen vacancy. The irradiation creates the electron-hole pairs. It is believed that the electrons are trapped by oxygen vacancies. In order to check whether the electron traps are related to the presence of the abundant oxygen vacancies in ZrO 2 , we also prepared the sample of ZrO 2 :Ti sintered in weak reducing atmosphere ͑CO gas is produced by kryptol in high temperatures͒. The reduced sample presents much higher luminescence intensity than the sample sintered in air. This phenomenon confirms that the concentration of oxygen vacancies indeed affects the intensity of the sample.
In addition, the emission intensity increases as the quality of crystallinity improves, which is consistent with the order as shown in the XRD pattern in Fig. 1 . It was found that at doping concentrations of 0.1% Ti 3+ in nanosized ZrO 2 there was maximum emission intensity. 9 This quenching concentration was higher than the 0.05% doping concentration for bulk ZrO 2 :Ti. A higher doping concentration without concentration quenching in nanoparticles, would lead to a higher PL intensity.
The fluorescence lifetimes of nanosized ZrO 2 :Ti and bulk ZrO 2 :Ti are also measured. Figure 5 represents the lifetime-decay where I and I 0 are the luminescent intensities at time t and 0, and is defined as the luminescent lifetime. These fitting results revealed that the lifetime of nanocrystal ZrO 2 :Ti ͑3.69 s͒ is shorter than that of the bulk ZrO 2 :Ti ͑5.99 s͒. It can be interpreted by a relative decrease of the radiative lifetime in the nanosized particles that have a lot of surface defects. Some defects may act as nonradiative centers to reduce the lifetime in the nanosamples.
Long-lasting phosphorescence.-Afterglow is also observed after removing the UV irradiation, and the broad phosphorescent peak is centered at around 460 nm, indicating that the emission still came from the same radiating centers, as shown in Fig. 4 . Compared with the PL peak ͑471 nm͒, the afterglow emission peak of the sample shows a slight blueshift. The behavior can be explained by the perturbing effect of neighboring defects due to the change in the crystal field near the Ti 3+ ion. 24 Figure 6 depicts the afterglow-decay curves of the nano and bulk ZrO 2 :Ti samples when monitoring 471 nm emission. The nanosized phosphor has about 15 min longer persistence time detected by eyes than the bulk phosphor. The observed enhancement of afterglow intensity and lengthening of decay time in the nanosized sample can be attributed to the existence of a large amount of surface traps in the nanoparticles. The decay curves can be fitted well by the following hyperbolic curve, as shown in Fig. 6 , suggesting that the afterglow process is a second-order mechanism 25 
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where I͑t͒ and I 0 are the phosphorescence intensities at time t and 0, respectively, and ⌼ is the mean decay rate. From the fit of the decay curves, the mean decay rates were estimated to be 0.03 and 0.06 S −1 for the nano and bulk samples, respectively. The smaller mean decay rate in the nanoparticles is a reflection of more trapping centers.
The LLP is assumed to be due to the radiative decay of the electrons which are heat-released from trapping centers ͑V O ·· ͒ to the initial state of luminescence centers. After irradiating, free electrons and holes are formed in the sample matrix. The electrons are trapped by the trap centers, released by heat at room temperature to the initial state of luminescence centers, and recombined with the holes trapped in the luminescence centers ͑Ti 3+ ͒. 26, 27 Based on the discussion above, the addition of Ti 3+ ions into ZrO 2 host was thought to lead to the bluish-white afterglow. A distinct afterglow mechanism which is quite applicable in the present system is shown in the inset of Fig. 6 .
Defect (trap) properties of ZrO 2 :
Ti nanophosphor.-Traps play an essential role in the LLP phosphors. In the following section, we try to study the nature of the traps created under UV radiation and the influence of the traps on the origin of the afterglow of the ZrO 2 :Ti nanophosphors by performing TL measurements. Figure 7 represents the TL spectra of 0.1 mol % Ti-doped ZrO 2 and pure ZrO 2 samples. As is shown in Fig. 7 , it is safe to say that there are at least two types of traps present in the ZrO 2 phosphor for at least two peaks in the TL spectra, located at 34 and 130°C, respectively. The TL peak position remains consistent except for higher TL intensity in 0.1 mol % Ti-doped ZrO 2 . That is to say, the chemical nature of defects related to these two peaks is not changed. Introduction of Ti in the ZrO 2 lattice leads to an increase of the TL intensity. ͑One must bear in mind that in fact all "pure" ZrO 2 contains traces of Ti.͒ As mentioned above, the same TL position indicates the presence of the same defects in both samples. When Zr 4+ is replaced by Ti 3+ , Ti Zr Ј negative defects and V O ·· positive defects were created. These suitable defects ͑traps͒ make an important contribution to the LLP phenomenon in this phosphor. 27 Based on the LLP mechanism discussed above, the LLP phenomenon is assumed to be due to the thermostimulated holes and electrons which are trapped by defect centers. The V O ·· positive defects may serve as the electron traps, and the Ti Zr Ј negative defects may be the hole-trapping centers. We conclude that the peak at 34°C is caused by V O ·· , and the peak located at 130°C originates from the Ti Zr Ј defects because the sample sintered in reduction atmosphere showed higher 34°C TL peak intensity. 9 To confirm whether oxygen vacancies play a role in trapping, ZrO 2 :Ti codoped with additional Mg 2+ phosphor is synthesized and its TL properties are investigated. The oxygen-ion vacancies can be generated via doping other metal cations within the ZrO 2 lattice as a result of charge balance. 28 As shown in Fig. 8 , the introduction of excess 0.5 mol % Mg 2+ ions greatly enhances the 34°C TL peak, which is of oxygen vacancy origin. Therefore, we believe that the additional Mg 2+ ions may induce some intrinsic defects, such as oxygen vacancies, resulting in a higher TL peak intensity at 34°C. This could be accounted for by the fact that the electron-trapping center is a defect complex formed by an oxygen vacancy.
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Conclusion
In summary, nanocrystalline ZrO 2 :Ti that displays a long afterglow has been successfully synthesized by a facile reaction using PZO as starting material. The Ti 3+ ions substituting for Zr 4+ are assumed to be the luminescent centers of the 471 nm PL. Longer phosphorescence is observed compared with bulk ZrO 2 :Ti after removing the UV irradiation. This can be interpreted by relatively increased surface traps in the nanosized particles due to the high surface-to-volume ratio. 
